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PREFACE

This report was originally prepared as a chapter for a book entitled “Review Volume in Surface
Science and Tribology,” edited by Dr. Kazuhisa Miyoshi of the NASA Lewis Research Center.
The report reviews work on the solid lubricant molybdenum disulfide (MoS2) that has been per-
formed at The Aerospace Corporation and other institutions. The Aerospace personnel that
originally performed much of the work described should be acknowledged. They are Dr. Jeffrey
R. Lince, Dr. Michael R. Hilton, Reinhold Bauer, Dr. P. Ann Bertrand, Thomas B. Stewart,
Thomas D. Durbin, Dr. Gary W. Stupian, Dr. Martin S. Leung, Neil Ives, Dr. David J. Carré, Dr.
Malina M. Mills, Sandra Jackson, and Jeffrey Childs.

This report represents the compilation of many years of work on MoS>, and we gratefully
acknowledge the technical guidance provided by Dr. H. K. Alan Kan throughout this research
program. Finally, work on solid lubrication and MoS>-based materials continues today, both on
fundamental issues and the use of these lubricants in spacecraft mechanisms. Much of the
understanding that we have obtained on MoS is based on the work described in this report.
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1. INTRODUCTION

Tribology (the science of friction, wear, and lubrication) is all about surfaces. Contact of two
objects in relative motion, be it rolling, sliding, or a combination of the two, involves the interac-
tion of a number of different surfaces or interfaces. Whereas some "interfaces" in fluid lubricated
systems may be constantly changing structure (e.g., flowing in hydrodynamic lubrication) and
therefore relatively difficult to characterize, those involved in solid-film lubrication comprise
fairly distinct and tractable arrangements with relatively stable compositions and structures.
Consequently, the surface chemistries of these interfaces can be quite accurately defined and
investigated. In this report, we will use a description of the lubricant interface patterned after
Braithwaite [1] and further refined by Gardos [2] to provide a framework for describing surface
structure and chemistry, namely, that of a progression from a bulk material to a solid lubricant
film and on to a second bulk solid as depicted in Figure 1.

The interfaces described by this picture include (1) grain boundaries within the bulk substrates,
(2) the region between bulk metal or ceramic and any oxide or other passivation film, (3) that
between the oxide and the solid lubricant film, and (4) the intercrystalline grain boundaries and
shear planes within the thin-film lubricant layer. (The question of whether the total system is
symmetrical with respect to an inversion plane through the lubricant film will be addressed in
Sections 4 and 5 on Film Structure and Tribology Studies.) It is clear that a veritable plethora of
surface science exists for this type of materials system, and that surface properties and conditions
(composition, bonding, geometries, etc.) control system performance, namely, the friction and
wear properties.

Figure 1. A schematic diagram showing the various interfaces present in a solid lubricated sur-
face region. The interfaces are: (1) bulk substrate intergranular interfaces, (2) substrate bulk-
oxide, (3) substrate surface oxide-solid lubricant, and (4) solid lubricant intergranular.




1.1 SOLID LUBRICANT DEFINITION

Our system description presupposes both a definition and certain properties of a solid lubricant.
Others have defined lubrication in general and solid lubricants in particular. Braithwaite [1]
defines lubrication as the “reduction of friction or wear between two relatively moving surfaces in
contact” and a solid lubricant as "a material that will separate two moving surfaces under bound-
ary conditions and decrease the amount of wear.” Lancaster [3] defines a solid lubricant as "any
material used as a powder or a thin film on a surface to provide protection from damage during
relative movement and to reduce friction and wear." Bowden and Tabor lean toward classical dis-
cussions of friction by citing Leonardo da Vinci, Amontons, and Coulomb [4]. They discuss the
mechanism of friction in terms of shearing and ploughing terms, concluding that the former is
dominant. It follows then that a good solid lubricant is one that reduces the forces required to
generate shear between two contacting bodies.

In our discussion of the surface science of solid lubricants, we will be rather more selective in
scope. As implied above, we will deal with thin lubricant films, meaning those at the micrometer
or less scale, that are primarily prepared by physsical vapor deposition, although sume discussion
of burnishing and mechanically transferred films will be included. Further, because inany of the
basic surface science principles involved in solid lubrication are common to practically all sys-
tems, we will select one class of materials that also has unique properties resulting from their par-
ticular atomic (crystal) structure, namely, the layered lattice materials represented by MoS,.
Before concentrating on this very unusual and versatile material, however, some general discus-
sion of solid lubricants and the wider topic of their surface properties will be presented.
Subsequently, aspects of electronic structure, surface reactivity, film structure, and tribological
activity of MoS, systems will be described.

1.2 BASIC PROPERTIES OF SOLID LUBRICANTS

Solid lubricants fulfill a technologically important role as materials that can function in harsh
environments to provide extremely low coefficients of friction. They typically have no measur-
able vapor pressure so they can operate in vacuum or under conditions where volatile constituents
could otherwise be a detriment, as in aerospace applications that cannot tolerate condensation of
contaminant films on critical surfaces (e.g., sensitive optics). They function equally well at very
low (down to 20 K or lower) or relatively high temperatures (some in excess of 1000 K) and gen-
eraliy are not degraded by energetic radiation, making them desirable for use on satellites and
space-based mechanisms, as well as in nuclear reactors.

Solid lubricants are applied to a surface either by some type of precoating process or by continu-
ous rubbing of a sacrificial reservoir of material, such as a ball-bearing retainer. Sometimes they
are transferred from one surface to a counter surface during operation. (Another method of
generating solid lubricant films, by reacting a gas in situ to create a conversion layer, though
fraught with surface chemical interactions, is beyond the scope of this report [5].) In any case, it
is essential that the lubricant remain in the area between the contacting surfaces in order to be
effective. Unlike fluids (oils or gases) that can redistribute easily during operation to re-coat
depleted surfaces, solids need to bond to a surface and remain there, or they need to be replen-
ished by some type of contact process. Therefore, the chemical and physical interactions (surface
science) between the surfaces of the lubricant and the substrates are absolutely critical to proper
function of the lubricated systems.




Ideally, a solid lubricant needs to be thick enough to affect the shear properties of contacting sur-
faces but not so "nick as to alter their load bearing capacities, fracture strengths, or gross defor-
mation proces:cs. Most solids lubricate because they deform more readily than the load bearing
elements. riowever, the nature of the deformation processes is governed by chemical and elec-
tronic properties of the materials that, in turn, determine the atomic arrangements and crystalline
structural features of the solid (which can be very short range as will be discussed below). MoS>
is probably the most graphic example of the significance of electronic structure on overall lubri-
cation ability [6,7] MoS> is one of a number of layered solids (its structure is shown in Figure 2),
but one in which the layers appear to be held together by the weakest of forces, and yet it does
maintain its shape. Its ability to lubricate depends on the fact that the reactivity of its basal planes
is essentially nil so that they can slide over each other with little or no resistance (i.e., provide low
shear force). However, for optimum performance, it should be bonded to the surfaces to be
lubricated through reaction of these same basal planes. The implications of this "paradox” have
been the subject of numerous scientific and practical investigations [8-12], and a reasonable pic-
ture of the mechanism by which the material functions is beginning to emerge. It is emphasized
that this understanding is forthcoming from the results of surface science studies, both spectro-
scopic investigations of electronic structure and bo..ding and microscopic examinations of atomic

® Mo
(Y s
(00 1)
\\90\

Figure 2. 2H-MoS, crystal structure indicating the layered-sandwich atomic arrangement and the
crystallographic axes. The (0001) basal surfaces are present perpendicular to the (001) axis.




arrangements, crystal structure, and morphology [13-26]. Some recent theoretical interpretations
of the surface science results have also proved extremely valuable [27,28].

1.3 TYPES OF SOLID LUBRICANTS

To be fair, we recount that there are numerous types of solid lubricants besides lamellar solids
(layered materials), including soft metals, polymers, certain metal salts, reaction films, and diffu-
sion coatings. Soft metals are useful for r~lling contacts involving low contact loads; polymers
for bushings, retainers, and sliding seals; and metal salts mostly for high-temperature applications.
Reaction films and diffusion coatings are the results of surface modification procedures to pro-
vide, for example, oxide, nitride, or sulfide layers. These procedures are good for high-tempera-
ture conditions ard also provide interlayers for other lubricating films. An excellent solid lubri-
cant formulation, useful over a wide temperature range, combines the attributes of metal salts and
soft metals [29]. All of these materials have important technological value and provide advan-
tages for specific applications. But, few, if any, have been studied from the fundamental point of
view, and certainly not to the extent that MoS, has, for the purpose of relating basic materials
properties to application performance. In terms of surface science and the understanding it pro-
vides to tribological performance, the MoS, system offers a wealth of opportunities and chal-
lenges. We attempt to relate some of its unique and interesting properties in the following sec-
tions of this report.
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2. MoS, SURFACE ELECTRONIC STRUCTURE

The surface geometric and electronic structures of solids are intimately related and, particularly in
the case of the layered transition metal dichalcogenides (TMD), these properties control the sur-
face lubricity and reactivity. The electron population of specific bonding, nonbonding, and/or
antibonding orbitals centered on either Mo or S, along with the relative contributions of ionic and
covalent bonding forces in MoS,, determine surface electron density, bonding, and reactivity. In
this section, we will focus on experimental and theoretical studies of the surface electronic struc-
ture of MoS, and examine the interplay among the geometric structure, electronic structure, and
important tribological properties. The experimental work will focus on the use of surface-sensi-
tive photoelectron spectroscopies (PES) employing both conventional and synchrotron sources to
examine the valence band density of states, scanning tunneling microscopy (STM), and atomic
force microscopy (AFM) to study atomic level surface geometry, electron density, and wear, and
high-resolution electron energy loss spectroscopy (HREELS) to examine surface phonon disper-
sions. The theoretical studies range from relatively straightforward molecular orbital diagrams to
extremely sophisticated ab initio calculations of the MoS, electronic structure.

2.1 SPECTROSCOPIC STUDIES

The relative ease of preparation of clean, well-ordered MoS, (0001) single-crystal surfaces by
cleaving techniques has led to several experimental studies using surface-sensitive PES. Single
crystals allow the study of well-characterized sur ices to permit comparison to polycrystalline
lubricant films that typically have many defects. Historically, the first of these PES studies used
conventional uitraviolet (UV) sources such as DC discharge lamps using H,, He, and Ne gases as
well as Mg and Al X-ray sources [30-32]. More recent work has employed synchrotron radiation
to aid in spectral assignments [33-36]. These studies revealed a very rich valence band structure,
with five well-resolved major peaks inviting detailed assignments. Typical valence band sper -a
obtained with synchrotron radiation are shown in Figure 3a with the spectral peaks resulting from
electrons photoemitted from discrete energy levels in the solid. The well-resolved peaks and lack
of surface states, which would typically appear above the valence band maximum in the band gap,
in the Figure 3 data indicate that the MoS, surface is well ordered and contains few defects or
dangling bonds (unsaturated bonds).

A binary compound presents some challenges for PES peak assignment, as electrons can be
excited from valence orbitals centered on either atom. One must rely on a particular theoretical
framework to understand the origins of the detected photoelectrons and to interpret PES data.
Typically, those interested in electrical (e.g., semiconducting) properties of materials rely on band
structure analyses [37], while those interested in chemical bonding and reactivity rely on a more
localized molecular orbital (MO) theory interpretation. All PES data that we will discuss is angle
integrated and, since we wish to focus on bonding and reactivity issues, it is more appropriate to
use the MO interpretation of the MoS, valence band PES data.

The atomic origins of PES peaks can be determined by a widely used techrique involving the
variation of the incident photon energy and the detection of the resulting peak intensity changes.
These changes can then be compared to those expected of the various atomic orbitals as deter-
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Figure 3. (a) MoS, variable photon energy valence band PES data obtained
with synchrotron radiation. The incident photon energy for each spectrum is
listed on the figure. Five main peaks are observed and labeled in the valence
region. The peak near 15 eV is the S 3s, while the two additional sharp peaks in
the 152 eV data result from second-order radiation causing photoemission from
the S 2p core levels. (b) Theoretical atomic photoionization cross sections for
the Mo 44, 5s and S 3s, 3p subshells as a function of incident photon energy.

mined by theoretical atomic photoionization cross sections. By using linear combinations of
atomic orbitals (LCAO) to form molecular orbitals (Eq. 1a), this approach can be used to assign
the dominant atomic character in valence band PES peaks [38].

In Eq. 1a, ¥p

¥YMO = ay1 + by +cy3 +... (1a)
I(PES) = a0} + b202 + c203 +... (1b)

is the wavefunction for the molecular orbital constructed from the linear combi-

nation of the atomic orbitals (y{, y,, ¥3 ...) with the respective mixing coefficients (a, b, c,...).
The intensity of the PES peak resulting from photoexcitation of an electron from this MO to the
continuum can be approximated by Eq. 1b, where 6, 6,, 63... are the photoionization cross sec-
tions of the respective atomic orbitals. This approach is only quantitatively valid at high photon
energies (>200 eV) or when one atomic cross section dominates all others [39]; however, it is a
good approximation even using lower energy excitation as in the following discussion.
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The use of tunable synchrotron radiation has contributed greatly to detailed studies of the atomic
orbital contributions to valence PES peaks through the use of variable photon energy PES.
Figure 3b shows the theoretical photon energy dependence of the atomic photoionization cross
sections of the important valence orbitals in MoSz, the Mo 4d and Ss, and the S 3s and 3p [40].
Each atomic cross section has a distinct photon energy dependence, and differences are particu-
larly evident at low photon energies (20 to 100 eV). Both Mo 4d and S 3p PES features should
be very intense at low photon energies, but each cross section has a relative intensity minimum
(called a Cooper minimum) at significantly different photon energies, approximately 35 eV for
the S 3p and 90 eV for the Mo 4d. PES data obtained with various photon energies in this range
have been used, in combination with Eq. 1b, to assign the dominant atomic orbital contributions
to the occupied molecular orbitals in MoS,, as shown in Figure 3. Increasing the photon energy
from 60 to 100 eV causes a severe intensity decrease in the lowest binding energy peak 1 relative
to all other valence band features. This behavior is due to the Mo 4d Cooper minimum and leads
to the assignment of this peak as photoemission from a molecular orbital having dominantly Mo
44d character. The behavior of the remaining valence band features indicates that they are domi-
nantly S 3p, but the energy splittings and differences in their photon energy-dependent intensity
profiles signify that different additional atomic contributions exist in these orbitals. MO theory
can be used to assign the spectral features, and the comparison of experiment and theory should
produce a consistent picture of the MoS, electronic structure.

The chemical bonding forces in inorganic materials are generally believed to contain contributions
from both ionic and covalent bonds. In general, MO diagrams for such materials are formulated
by allowing the metal and ligand ions in their formal oxidation states to undergo covalent bonding
interactions, essentially making the covalency a perturbation of the ionic energy levels. The trigo-
nal prismatic local structure in 2H-MoS, creates a central Mo?** ion bonded to six S ions, while
each sulfide ion is, in turn, bonded to three molybdenum ions (see Figure 2). Inorganic chemists
normally focus on metal-centered complexes, and a qualitative MO diagram for MoS, in an appro-
priate cluster with D3y symmetry, first reported by this research group [6,7], has been slightly
modified and is given in Figure 4. This MO diagram predicts the existence of five different occu-
pied valence levels, in agreement with the five major peaks in the PES data. With the formal oxida-
tion state of Mo%*, a d? electron configuration is expected, filling through the 2a'l level, which is
composed predominantly of the Mo 4d,2 atomic orbital. All other occupied MOs are sulfur 3p-
based and are split by bonding mteracuons with the unoccupied Mo 44, , 7yz and 4dx 2.2 (1e
and 1e), 5s (1a,), and 5p (la, and 1e). The relative ordering of the S 3p-based MOs could
conceivably be obtained from the effects of the Mo atomic orbital contributions to the PES peak
intensity changes (se Eq. 1b). However, these changes can be quite subtle if the amount of covalent
mixing is relatively small, or if the cross-section changes of the metal and ligand orbitals are not
significantly different in the photon energy range used. An alternative means of exploring this
problem further is available in resonant photoelectron spectroscopy.

Resonant PES is used to assign valence band features by exploiting intensity enhancements in
particular peaks that occur when valence band data are obtained with photon energies that corre-
spond to a core level absorption edge in the compound. The effect is particularly useful for
transition metal compounds having unfilled nd orbitals at photon energies near the metal np
absorption edge. The process of resonant intensity enhancement initiates when the metal core
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Figure 4. A molecular orbxtal diagram for 2H-MoS,, constructed by considering an MoS,
cluster with a central Mo#* ion in a D,, ligand ﬁel& The dotted line separates the empty
and full energy levels, essentially marking the Fermi level in the material.

electron is excited to an empty metal valence level [41]. This excited state undergoes a super-
Coster Kronig decay with one metal d-electron decaying to fill the core hole while a second metal
d-electron is ejected as the photoelectron (Eq. 2a). The final electron configuration after this
process is identical to the configuration after normal photoemission of a metal d-electron (Eq.
2b), resulting in an interference effect between the two pathways and, thus, enhancing any final
state that has metal d-character (that is, any MO having d-orbital mixing).

npnd* - npond**! — npbnd*1 + € (2a)
np6nd" - npﬁnd"‘l + e (2b)

The resonant effect on the valence band spectrum of MoS, at the Mo 4p edge is shown in Figure
5. At the photon energy corresponding to the Mo 4p—4d transition (42 eV), the lowest binding
energy feature (assigned as the Mo 4d,2 based 23'1) is enhanced by more than 300% when
compared to its pre-resonance intensity [36].
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Figure 5. MoS, valence band PES obtained with photon energies that span the Mo 4p absorption
edge. Resonam enhancement of peaks 1, 2, and 3 is clearly evident. (Reprinted with permission from
authors of reference 36.)

The added utility of resonant PES in determining the MoS, electronic structure is the enhance-
ment of particular S 3p-based PES features at the Mo 4p edge. Specifically, the two major lower
binding energy S 3p-based PES peaks (peaks 2 and 3) are each enhanced by a factor of approx-
imately 2 at the Mo 4p — 4d excitation energy, showing that these peaks contain significant Mo
4d character. By re~exam1mng the MO diagram in Figure 4, these peaks can be assigned as
photoexcitation from the le" and le molecular orbitals formed through the covalent mixing of S
3p and the Mo 44, , vz and 4(1x 2 -2 orbitals, respectively. The relative ordering in the MO dia-
gram is based on some chemlcal mtumon where greater overlap would be expected for the e”
orbitals based on the geometry of the MoS, system. The remaining major S 3p-based features at
higher binding energies (peaks 4 and S) experience only minor enhancement at these photon
energies, leading to their assignments as the c-bonding lal and 1a2 levels, the latter of which is
not allowed by symmetry to mix with Mo 4d orbitals. To summarize, PES has provided a rather
complete picture of the valence band electronic structure of MoS,. The challenge that will be
addressed later is to relate this detailed electronic structure information to the important solid-
lubricant tribological properties of film-substrate adhesion, lubricant film growth, and film
lubricity (friction and wear properties).

2.2 ATOMIC LEVEL MICROSCOPY

Atomic-level microscopic techniques such as STM and AFM provide a means of studying the
relationship between surface geometric and electronic structures of layered compounds [42].
The bonding geometry in the MoS, layers results in an 82° Mo-S-Mo bond angle. This geome-
try implies that the S-based orbitals described above are almost purely p-like (i.e., no hybridiza-
tion with the S 3s or 3d) and that the three S 3p atomic orbitals on each S form o-bonding
molecular orbitals with three Mo ions. The resulting electronic structure has no p-n orbitals
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extending above the sulfur plane, distinguishing the layered dichalcogenides from graphite. The
orientation of the Mo 4d,2 orbital, with lobes centered among the three S atoms in the planes
above and below and angular nodes aligned very closely with the Mo-S bond axes, limits its o-
overlap with S 3p-based a'l ligand group orbital (the 3p, orbitals along the bond axes), resulting
in the essentially non-bonding highest occupied MO. These assumptions have been further
studied with STM.

STM studies of the MoS, basal plane and other layered compounds have provided valuable
information regarding their surface geometric and electronic structures. STM images of the
MoS, (0001) surface revealed the expected hexagonal structure [22]. In addition, the images
were obtained in air following cleavage of a single crystal, showing that well-ordered basal planes
exist on MoS, after shearing upper layers (also observed in UHV with LEED) and that these sur-
faces are very stable and unreactive. STM images of MoS, were only obtained with a negative
sample bias of at least -0.8 V, with the best images obtamed at -1.5 V. The negative sample bias
indicates that electrons were likely being removed from the Mo 4d,2 (highest occupied al level)
as the threshold for tunneling is close to the binding energy threshold for photoemission at the
top edge of the valence band. Theoretical first principles calculations support this result by
showing that electrons are most easily removed from the d,2 orbital by a tunneling tip, and that
while tunneling can occur from S species, the process is much less likely {28]. The presence of
some Mo 4d electron density in the S-plane and the relative inaccessibility of the S 3p electrons
should affect the interlayer bonding in MoS,, an important consideration in determining the
lubricity of this material.

Lieber and co-workers have performed several STM and AFM studies on MoS, and related com-
pounds [25]. This work showed reproducible, periodic images of the MoS, basal planes using
either technique, indicating that the electronic and geometric structures were consistent. Upon
substitution of 10% Ni for Mo into the MoS, lattice, however, defects were apparent in the STM
image, while the AFM image retained its defect-free, periodic structure, indicating an unperturbed
basal plane geometric structure. The observation of defects with STM indicates a disruption of
the electronic structure due to the Ni substitution and is consistent with the tunneling occurring
from the metal d-orbitals in MoS,. The nature of this perturbation is unknown since this is an
unusual geometric configuration and oxidation state (assuming 4+) for Ni to adopt. In the 2+
oxidation state, Ni can adopt a trigonal prismatic geometry (as in NiAs), resulting m an unper-
turbed geometric structure but a vastly dlfferem local electronic structure, with a d8 electron con-
figuration and occupation of the 2e" and 2¢’ levels. Thus, the geometric orientation of the high-
est occupied Ni MO is significantly different than for Mo, as are the effective nuclear charge and
the spatial extent of the d orbitals, all factors that should change electron tunneling properties.

The structural and electronic effects of substituting Se and Te for S in the MoS, lattice were also
pursued [25]. In the Se substitution, a MoS, ;5Seq 55 compound showed unperturbed STM and
AFM images, with a small increase in the MoS, lattice parameters. The lack of obvious surface
defects in both images indicated no significant disruption of either the electronic or geometric
structures in the mixed compound. Alternatively, a MoS, ,5Te( 55 compound showed significant
variations in electronic and geometric structures. The AFM images showed localized protrusions
due to the larger tellurium atoms, while the electronic images showed periodic, delocalized pertur-
bations. The effects of these substitutions on the tribological performance of these materials has
yet to be determined. One would expect the larger Se and Te species to be less electronegative
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and more polarizable than S and, hence, change the nature of the interlayer forces. In addition,
the protrusion of the Te atoms above the basal plane surface could significantly alter interlayer
forces by creating a larger layer-layer spacing.

Lieber and co-workers [26] have also studied the layered NbSe, (0001) surface with AFM and
have compared its structure, oxidation behavior, and wear rate to MoS,. The two compounds
have snmllar layered structures, but NbSe, has a different layer-layer registry, and the Nb4+ jon
has a d! electron configuration. The work showed that NbSe, has more surface defects than a
similarly prepared MoS, surface. The AFM study also showed that NbSe, was being worn
approximately 5 times faster than MoS, by the instrument’s scanning tip. Both compounds
appeared to wear in a layer-by-layer fashion, but convincing evidence that MoS, was worn only
along specific crystalline planes was obtained, while wear occurred over the entire scanned region
in NbSe,. Finally, the surface structures were examined after thermal oxidation in air, and the
MoS, had far fewer and smaller surface defects than the NbSe,, signaling greater reactivity

for the d! compound. These results emphasize that the better tribological performance of MoS,
can be studied down to the atomic level and is intimately related to both its geometric and
electronic structures. These results are discussed further in following sections.

2.3 SURFACE VIBRATIONS

To obtain a better understanding of the nature of surface bonding properties, high-resolution
electron energy loss spectroscopy (HREELS) has been used to map out the surface-phonon dis-
persions of MoS, and allow a comparison to bulk energies [16]. In addition, a knowledge of the
surface vibration properties of MoS, is crucial in understanding the fundamentals of surface fric-
tion and energy dissipation for theoretical dynamic studies of solid lubrication. HREELS detects
energy losses experienced by a monoenergetic beam of electrons upon interacting with a surface.
The electrons lose (or gain) energy upon exciting (or de-exciting) surface vibration modes, either
phonons in the substrate or stretching and bending modes of surface adsorbates. In addition, dif-
ferent selection rules for these momentum transfer events exist for electrons detected in the
specular direction (dipole allowed) or off-specular (electron impact). These experiments detected
a decrease in the energy of the surface phonons when compared to bulk values {43] as shown in
Figure 6. The softening of these surface vibrational modes has been observed in another layered
material, GaSe, and was attributed to lower force constants and increased polarizability of the sur-
face Se atoms, leading to increased van der Waals attractions. The same phenomena are believed
to exist in MoS,, and LEED studies have observed a contraction between the first and second
sandwich layers, indicating greater attraction between these layers than would occur if the lattice
were continued with another MoS, layer [44]. The nature of the interlayer forces has always
been assumed to be dominated by van der Waals forces that depend on the polarizability of the
chalcogenide ion.

2.4 BONDING FORCES

The studies described above along with detailed electronic structure calculations are leading to an
excellent understanding of the intralayer bonding properties of MoS,. The consistency of exper-
imental electronic structure studies with an MO description of the MoS, electronic structure indi-
cates that significant Mo-S covalent bonding exists within a sandwich layer. In addition, binding
energy shifts observed for both Mo 4d (+1.2 eV) and S 2p (-1.8 eV) core levels in MoS, relative
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Figure 6. Surface phonon dispersion curves for MoS, along the (110) and (010) directions. Data are
plotted with symbols and are compared to calculated bulk modes represented by solid lines (from Ref. 43).
The various atomic displacements for each mode are represented next to the mode designation with

@ representing Mo and ®) representing S in the layered structure. (Reprinted with permission from the
author of reference 16.)

to elemental Mo and S indicate that some charge separation does exist on these species. The exis-
tence of charge separation implies that Coulomb attraction (ionic bonding) also contributes to the
intralayer bonding in MoS,. The relative contributions of the bonding forces, however, have not
yet been established. For some first row transition metal oxides and chlorides, covalent bonding
interactions are only believed to contribute 10 to 20% of the total energy stabilization, with
Coulomb forces providing the rest [45]). The covalent contributions in MoS, are likely larger
with the second row metal and softer sulfide ion, but the ionic forces cannot be ignored.
Currently, detailed ab initio molecular orbital calculations are being conducted on Mo-S clusters
of varying size to determine the extent of covalent mixing and the resulting distributions of elec-
tron densities. Currently, calculations performed on an Mo4S,¢ cluster indicate that the Mo 4d-S
3p covalent mixing of fully coordinated Mo and S ranges from 20 to 40%, depending on the
specific molecular orbital [46]. These calculations are aimed at reproducing the energy level
splittings and orderings determined experimentally. Once final mixing coefficients have been
obtained, the relative contributions of ionic and covalent bonding in these materials can be
assessed. These issues are quite important to the understanding of the interlayer bonding forces
in dichalcogenide compounds, which vary with both metal and chalcogen and control the lubric-
ity of these materials.
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The interlayer bonding forces present in MoS, and other similar lubricating dichalcogenides
(MoSe,, WX, compounds) have long been assumed to be predominately van der Waals interac-
tions between the adjacent chalcogenide layers. It is clear that there are no covalent bonding
interactions between layers, but several arguments point to Coulomb forces playing a role in
interlayer bonding. For example, the registry of adjacent sandwich layers in the 2H-crystalline
structure (Figure 2) is such that Mo atoms in one sandwich are located directly above and below S
atoms in neighboring layers, maximizing the Coulomb attraction by minimizing the distance
between oppositely charges species and maximizing the Mo—Mo separation. Also, MoS, has a
very high melting point of 1185°C (it decomposes in air at 450°C), which is unusual for a com-
pound thought to be held together by van der Waals forces. Although the strong intralayer
bonding would preclude complete low-temperature melting, a fairly low-temperature, 2-dimen-
sional "melting" transition would seem likely. In fact, all the TMDs have fairly high melting
points, although structural phase transitions do occur. Finally, MoS, has shown the ability to
intercalate and stabilize alkali metal ions between sandwich layers, showing that the sulfur species
are capable of ionic bonding [47]). Thus, while short-range van der Waals attractions (< 0, where
r is the distance between interacting specws) between neighboring sulfur basal plane layers take
place, longer-ranged Coulomb forces (e 1 ) almost certainly play a role in interlayer bonding,
despite the fact that the nearest layer-layer interacting species are the sulfide ions of adjacent
basal planes, resulting in a repulsive force. A Madelung-type calculation on the layered structure
would be very instructive in the determination of the role of Coulomb forces once accurate
charge densities have been determined. An understanding of these forces will eventually allow
molecular dynamics calculations of MoS, planes moving relative to one another to enhance our
understanding of solid lubrication.

Many different transition metals form layered dichalcogenide structures, including Ti, Zr, Hf, V,
Nb, Ta, Mo, and W. This list provides some interesting insights into these materials. First, the
metal must have at least four valence electrons to achieve the 4+ formal oxidation state. Second,
only atoms early in the transition metal series are able to form these compounds. Third, of all of
the layered compounds, only the dichalcogenides of Mo and W have found widespread use as
lubricants. The keys to understanding these observations exist in the electronic structure of the
layered materials.

The fact that the layered structures exist, and are indeed the MoS, structures found in nature
(molybdenite), indicates that they are the lowest energy geometric structures for the S and Se
dichalcogenides to adopt; no oxides adopt these structures. Other possible structures observed
for transition metal compounds with this stoichiometry (including oxides of these same metals)
are rutile (and other TiO, structures), fluorite, and several other structures where the metal is
octahedrally coordinated (e.g., pyrite). Why are the different layered structures preferred? One
possible explanation is that steric and/or Coulombic interactions with the larger chalcogens cause
the layered structure to be the lowest energy structure. A second explanation may be in the d-
orbital configuration and electron occupation present in these materials.

The different layered dichalcogenides actually have different local bonding geometries and
stacking registries. The group 6B metals (Mo and W) form the mgonal prismatic structure with
D3y, local geometry about the d2 metal 1on The group 4B metals (d ) form only O; geometries
about the metal. The group 5B metals (@) have varying structures: NbS,, NbSe,, and TaSe, are
trigonal prismatic; VS, and VSe, are octahedral; and TaS, forms both structures. Hoffmann and
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co-workers [*%,49] have discussed this in detail, focusing on high symmetry points in the elec-
tronic band structures and ligand energy level stabnhzatxon concluding that octahedral geometries
are favored for all electron populations except for d! and d2 A simple MO discussion of d-elec-
tron orbital filling in the different geometries can also reach this conclusion if the t,, orbital set
in Oy, geometries is considered to have more = Character than the 2a1 orbital in Dy 3b- This
assumption is reasonable because the d,2 orbital in the trigonal prismatic geometry is aligned at
an angle with respect to the ligand al orbitals (p,), which are along the M-L bond axes. This
orientation does not allow typical n-overlap to occur effectively (the lack of o-bonding for the
d,2 orbital has already been discussed). Alternatively, the ty, d-orbital set in Oy compounds is
composed of the d, XY, XZ,VZ orbitals, which are perfectly arranged for effective n-overlap with the
ligand p, ¥ orbitals. Usmg these considerations, the relative d-orbital manifold splittings for the
two geometries are shown in Scheme 1.

Scheme 1
W (- '
___e'@©"H
On - D3p
- __¢e(o)
—_—— by (")
a'I (nb)

The filling of the d-based molecular orbltals should play a significant role in determining the
most stable geometric structures. For d2 compounds, the trigonal prismatic geometry is favored
by filling the nonbonding al orbital rather than the antibonding be in Oy, 1 Trigonal prismatic
geometries are very rare for d” or higher occupation compounds as more d-electrons would .
begin to fill the ¢ (¢ and e") levels, which are clearly destabilized to higher energy than the n

t, set for octahedral materials. As a result, octahedral or other (e.g., tetrahedral) geometries are
preferred with increasing d-orbital population. Huisman et al. have performed calculations to
address the relative stabilities of the trigonal prismatic and octahedral structures, although in their
model, greater covalent mixing for the second and third row transition metal compounds explains
their preference for the trigonal prismatic structure [50].

The existence of some trigonal prismatic structures for the al group 5B dichalcogenides is also
explained by this electron occupation model, but the stabilization effect provided by the D3y
symmetry is lessened due to the single electron occupation. The presence of some octahedral
TMDs having d! electron confi igurations indicates that the energy differences between the two
structures are not great. The group 5B dichalcogenides may also have some metal-metal inter-
layer bonding interactions using the half-occupied d,2 orbitals. This bonding interaction causes
the metal atoms in adjacent sandwich layers to align, increases three-dimensional conductivity,

1 This argument ignores the possible contribution of exchange interactions that would tend to favor the unpaired
electrons in the Oy ‘2g orbitals.
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decreases the lubricity of these materials relative to Mo and W dichalcogenides, and adds addi-
tional stability to the structure. The intercalation of coinage and alkali metals into the d! com-
pounds significantly alters their geometric, electronic, and tribological properties by donating an
electron to the a; level, essentially creating a d? metal jon. The result is a change in the
crystalline registry, a decrease in conductivity, and increased lubricity. In short, the material
becomes much more like d2 MoS,.

Since the group 4B metals have no available d-electrons to fill the d,2 level, one must conclude
that the exclusively octahedral geometry adopted by these compounds provides the more stable
structure when only steric and/or Coulombic factors are considered. Alternatively, a combination
of steric/electrostatic and electronic structure factors determine the geometric structures of the
other compounds. Indeed, an octahedral arrangement of the chalcogenide ions creates a stag-
gered intralayer AB close-packing that would intuitively have lower energy than the AA layer
stacking in the trigonal prism. Madelung calculations of the different structures would appear to
support this notion [49]. Kertesz and Hoffmann argue that octahedral geometries of d0 configu-
rations are also more stable electronically, but the differences in the two geometries are quite
small [48].

2.5 ELECTRONIC STRUCTURE AND LUBRICITY

The interplay between the electronic structure and lubricity for the MoS,-like layered dichalco-
genides should now be apparent. Weak interlayer bonding interactions result in low shear
strength parallel to the (0001) basal planes. The interlayer bonding interactions are potentially
controlled by covalent, ionic, and van der Waals interactions. A species having covalent interlayer
bonding interactions (such as NbSez) is not as good a candidate lubricant as one without such
interactions. It should be noted that these covalent Nb-Nb bonds are probably fairly weak due to
the large metal-metal separation, but the difference in structure from MoS, where the Mo ions are
aligned with sulfides shows the interaction to be important. Also, the work of Lieber et al. shows
that NbSe, basal planes wear faster than MoS, at the atomic level and are more reactive [26).
These propemes result from the enhanced bonding capabilities of the Nb atom in NbSe, due to
the singly occupied 2a1 level, allowmg adhesion of the surface to the scanning tip and more facile
reactivity. Alternatively, the d0 titanium dichalcogenides are too brittle to perform effectively as
lubricants, showing that the greater ionic character caused by the more electropositive metal is
reducing the materials' lubricities. The balance between intralayer ionic and covalent bonding in
MoS, must contribute to a balance in the interlayer Coulombic and van der Waals interactions.
leading to a material with very low shear strength in two dimensions.

The understanding of electronic structure and its role in tribology might allow these materials to
be tailored to suit specific lubrication needs. For example, the semiconducting MoS, is often
used in compacts to provide a lubricating and conductive interface for moving electrical contacts.
The substitution of electron-deficient metal ions (e.g., Nb) into the MoS, lattice would likely
enhance the conductivity without greatly affecting lubricity. (Doping for electronic purposes
usually requires a very small number of atoms that would likely have little effect on the lubricat-
ing ability of the entire compound [51].) Furthermore, since interlayer forces are affected by
both jonic and van der Waals forces, replacement of some of the sulfide ions with ions having
significantly different electronegativities and polarizabilities should change interlayer bonding
and affect the friction and wear of lubricated surfaces.
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2.6 ELECTRONIC STRUCTURE AND SURFACE REACTIVITY

The geometric and electronic structures of MoS, provide for very interesting surface reactivity.
In general, the (0001) basal planes are very inert toward adsorption of contaminants and oxida-
tion. This occurs because the highest occupied MO is the full 2a1 (4d 2), which is relatively
inaccessible through the upper sulfur layer of the surface sandwich. Thus even though higher
oxidation states of Mo are quite stable, the basal plane of MoS, is difficult to oxidize. In addi-
tion, the occupied S-based molecular orbitals are much more energetically stabilized than the
4d,2 level, as well as being directed primarily toward the central Mo jon as bonding orbitals,
requiring more energy to remove electrons from the surface. This is a very important result to
consider for the storage of MoS, lubricants, where one would conceivably prefer a lubricating
film to have maximum basal plane exposure to a potentially reactive environment. This orienta-
tion also maximizes the lubricity of the material because the inert (0001) planes provide the low
shear surface for lubrication. The unoccupied Mo-based antibonding orbitals (¢ and e ) are not
readily accessible through the basal plane but are exposed at edge plane sites, making the chemi-
cal reduction of MoS, unlikely at the basal plane. The addition of electrons into these levels
should promote the decomposition of MoS,, as will be discussed in the following section.

Several studies have shown that surface defects and MoS, edge sites are much more reactive than
pristine (0001) planes. In particular, such defects have been shown to be sites for the initiation of
oxidation [52,53] and of gold decoration [54]. Intuitively, one would also expect such sites to be
nucleation sites for MoS, film adhesion and oxidation for lubricating films. Later in this report,
the nucleation and growth of sputter-deposited MoS, films will be discussed in terms of edge
plane growth versus basal plane growth.

A final possibility to address is the alteration of the adhesion of an MoS,-based lubricant film to
a surface by incorporating dopant materials into the first film layers. One could presumably
change the reactivity of the basal plane by substituting for S with an electron-poor species, such
as P or As, which can form bonds with metallic surfaces by removing electrons to complete its
subshell occupation. Of course, such a dopant would significantly alter the local electronic
structure in as yet undetermined ways. Experiments are planned in the near future to determine
the feasibility of such ideas.
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3. MoS, SURFACE REACTIVITY

3.1 CORE LEVEL PES WITH SYNCHROTRON RADIATION

The low-shear strength of the (0001) basal plane of M082 allows this material to act as a lubri-
cant. Ideally, it is preferable for the (0001) planes of the crystallites in a film deposited to act as a
lubricant to be oriented along the direction of motion on the surfaces being lubricated, i.e., paral-
lel to the surface plane. Defect-free (0001) planes, however, contain no dangling bonds, hinder-
ing the MoS, basal plane’s ability to form strong substrate bonds. Studies of the (0001) surface
reactivity have been pursued with hopes of developing a strategy for improving surface adhesion
(bonding) without compromising the lubricating properties of MoS,. A significant portion of
this work has used the surface-sensitive nature of PES to foliow the surface reactions occurring
during ion bombardment of the MoS, basal plane and also to study the chemical reactions
occurring between the (0001) surface and selected metals.

Core level (as distinguished from valence level) photoelectron spectroscopy has been used for
many years to study the oxidation states and surface reactivities of materials. This work origi-
nated with the notion of the chemical shift of atomic core levels obtained with XPS [55]. Simply
stated, the measucred kinetic energy of an electron photoemitted from an atomic core level
depends on the oxidation state and/or bonding environment of the atom. The Kkinetic energy is
related to the binding energy of the electron in the solid, and electrons emitted from higher oxi-
dation state species generally appear at higher binding energies than those emitted from the same
core level of a lower oxidation state species. Alternatively, an atom covalently bonded to a more
electronegative atom will experience a decrease in electron density, and the photoemitted elec-
trons will again appear at higher binding energy (lower kinetic energy) than electrons emitted
from an atom bonded to less electronegative neighbors. By carefully obtaining and analyzing
core level data, a great deal can be learned about surface bonding and reactivity.

Two factors that greatly influence the utility of PES to study surface reactivity are its surface
sensitivity and the energy resolution of the technique. The escape depth (scattering length) of an
electron photoemitted from a solid depends strongly on its kinetic energy [56]). A limitation of
using X-ray excitation (for XPS) to study core levels in solids is that the kinetic energies of the
detected electrons are often large enough to produce photoelectrons from fairly deep into the
bulk of the material (as deep as 5 to 10 nm), lessening the relative contribution of electrons emit-
ted from the uppermost atomic layer to the data. In addition, the energy resolution of X-ray
sources is often on the order of 1 eV, which limits the chemical shift detaii that can be obtained
from such work. The advent of synchrotron radiation to study surface chemistry with PES has
solved both of these problems. The tunable nature of synchrotron radiation allows the kinetic
energy to be altered to achieve maximum surface sensitivity. Also, core levels of ditferent surface
species having different binding energies can be excited with appropriate photon energies to pro-
duce photoelectrons having the same kinetic energies, thus ensuring that the different chemical
species being studied are at the same depth in the sample. Finally, many synchrotron
monochromators are capable of providing a significantly narrower line width than is available
with conventional X-ray anodes, permitting higher i1esoiution data that can provide more detailed
chemical bonding information.
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3.2 ION BOMBARDMENT WORK

One area of MoS, surface chemical reactivity that has been studied is the effect of noble ion
bombardment of the (0001) surface. This work has relevance for two important reasons: (1)
most MoS, deposition techniques use inert ions to sputter deposit films on substrates; and (2) the
bombardment of the inert basal plane was thought to be a possible route to increase the reactivity
and enhance the adhesion of this crystal face to a surface.

Noble ion (Ne*, Ar*) bombardment of (0001) MoS, has been studied using relatively low-
resolution XPS [57,58] and Auger electron spectroscopy [59.60]. Every such study (with ion
energies ranging from 300 eV to 10 keV) has detected a decrease in the S:Mo surface concentra-
tion ratio, indicating that S is preferentially removed from the surface. Presumably, this would
create surface defects and increase the reactivity of the (0001) surface. The XPS work detected
shifts of both the Mo 3d and S 2p core levels to lower binding energies, but could not distinguish
new features related to the formation of new surface species.

Higher resolution, more surface sensitive PES experiments were needed to determine the detailed
chemical changes occurring with ion bombardment. Such a study was performed using Ne*
bombardment and synchrotron radiation to tune the surface sensitivity of the technigue (61]. In
these data, the Mo 3d spectra were obtained with 3(X) eV photons while the S 2p spectra were
obtained with 230 eV photons. These photons energies produced photoelectrons from the two
core levels with virtually the same kinetic energies (approximately 65 eV), and hence the sam¢
effective escape depth from the surface.

The effects of increasing doses of 1 keV Ne* ions on the Mo 3dg /2,372 and S 2p, /2,172 doublets
are shown in Figure 7. Also included on the figure are the best computer fits to the data obtained
with Voigt functions and a Shirley background [62]. In short, increased ion bombardment leads
to the development of new surface species with PES peaks at lower binding energy in the case of
Mo and at higher binding energies for S, relative to the MoS, peaks. The chemical shift of the
reduced Mo species is not as great as expected for metallic Mo, but larger than expected for other
known oxidation states of Mo. A possible reason for this intermediate binding energy is that the
Mo exists in highly dispersed, small clusters or islands of metal-like atoms. Higher than expected
binding energies for highly dispersed metal atoms have been observed on many surfaces, with the
high binding energies explained by decreased extra-atomic relaxation capabilities of the ionized
species (a final-state effect [63]).

The changes observed in the S 2p data are more subtle than observed for the Mo 3d. In general,
the formation of small features at higher ..ading energy than the MoS, sulfide ion peaks is
observed, indicating that a small number of surface sulfide ions have been oxidized. The chemical
shift is not large enough to indicate the existence of elemental sulfur, but the existence of charged
(S-S)*" surface species [64] was hypothesized. In general, the small magnitude of change
observed in the S peaks relative to the extensive changes observed in the Mo peaks is consistent
with the loss of many of the surface S species (by preferential sputtering) that were previously
bonded to the Mo species that have formed the metallic islands upon jon bombardment.

The valence bard PES spectrum was also followed with jon bombardment and showed a general
decrease in the resolution of the peaks discussed in Section 2 with increased bombardment. In
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Figure 7. The Mo 3d (left) and 5 2p e levels as a function of Ne* ion bom-
bardment or annealing as listed on the figure. These data were obtained with
synchrotron radiation as detailed in the text. The S 2s level is also evident in the
Mo spectral data. The doublet structure observed for all Mo 3d and S 2p data
arises due to the spin-orbit interaction present in the ionized final state.
(Reprinted with permission from author of reference 62.)
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addition, more electron density was observed near the Fermi level of the material, consistent with
the formation of a more metallic surface. Upon annealing to 1000K, much of the order in the
valence band data is restored, indicating that some of the surface damage can be healed.
However, the core levels following this anneal still show the existence of a significant amount of
metallic Mo and a small amount of non-sulfide sulfur, indicating surface disorder (see Figure 7).

This detailed study of the chemical composition of the (0001) MoS, surface as a function of ion
bombardment has shown that the chemical reactivity of the surface most certainly can be
changed. One would expect an ion bombarded surface to be more reactive than a pristine basal
plane due to the presence of metallic-like Mo islands, many sulfur defects, and surface species in
other chemical states. The creation of a S vacancy would eftectively leave 2 electrons to populate
either localized Mo 4d orbitals at the defect site or the delocalized MoS, conduction band. It the
electrons remain localized (consistent with the detection of reduced Mo in PES), then a highly
reactive defect that could be easily oxidized should result. This type of defect would probably
interact strongly with electron-accepting species, but would not likely enhance the adhesion of
MoS, to a metallic surface. Alternatively, the removal of a sulfur atom from the basal plane
would allow greater access to the Mo ion and, if the electrons become delocalized into the con-
duction band, perhaps facilitate bonding with electron-rich species.2 In either case, the excess
electrons would enter antibonding orbitals and tend to destabilize the MoS, structure to some
degree unless they enter into a chemical bond. Whether this behavior can be used to enhance the
adhesion of a lubricating MoS, film to a particular substrate is unknown, but it almost certainly
plays a role in MoS, film growth by physical vapor deposition techniques, which will be dis-
cussed in detail in Section 4. Specifically, the preferential sputtering of S from a deposition tar-
get would appear to create a sulfur-rich plasma in many sputtering techniques. Also, the use of
ion-beam-assisted deposition to densify films likely alters the chemical make-up of the MoS,.
making it suifur-poor.

3.3 METAL-MoS, REACTIVITY

Core level PES studies similar to those just discussed have been performed following evaporation
of various metals onto the (0001) MoS, surface. These studies are important for understanding
both MoS,-substrate interactions and the chemistry occurring in the growth of MoS, films con-
taining metal dopants. We will discuss the results for metals that can have significance for MoS,
interactions with steel surfaces. Several studies conducted with other metals showed that very little
reactivity of most metals with the basal plane is detected by XPS [65]. The high-resolution, very
surface-sensitive studies discussed below indicate that while bulk chemical reactions of the MoS,
basal plane with metals are rare, significant interfacial chemistry does occur.

The many studies of metal/MoS, reactivity have demonstrated that the reaction to form metallic
Mo and the deposited metal sulfide must have a negative or slightly positive free energy (AGpyp,)
to proceed at room temperature. However, only a few metals (Mg, Ti, and Mn) meeting this
condition react extensively with MoS, [45]. Metals that are particularly important for steel sur-
face adhesion (e.g., Fe, Cr, Ni) have minimal bulk reactivity to form the new metal sulfide. It is
necessary to investigate the interfacial reactivity of such metals in order to determine if chemical

2 As noted earlier, such defect sites have been shown to he the initial sites of surface oxidation and of gold
decoration, showing a tendency to interact with electron accepting and relatively inert species.
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bonds between MoS, and these important substrate materials can be formed. We have chosen to
examine a reactive metal (Mn) along with Fe and Cr, the most important metals involved in steel
surface chemistry.

3.3.1 Mn/MoS, - A Reactive Interface

The Mo 3d and S 2p core levels from a (0001) MoS, surface as a function of Mn deposition are
shown in Figure 8 [66]. Once again, the photon energies have been tuned to generate photoelec-
trons with similar kinetic energies. These data clearly show that a new, lower binding energy S
species forms at coverages equivalent to 22 A of Mn,3 along with a small amount of metallic Mo.
At higher coverages, the reaction continues, and when enough Mn has been deposited to success-
fully cover the entire sampling region (the equivalent of S8 A thickness), no Mo signal is
observed while S peaks with binding energies expected for MnS are present. The Mn 3p peaks
obtained, following these same depositions show a broad feature whose maximum is centered at
the binding energy of metallic Mn. This feature is broadened to higher binding energy, indicat-
ing the presence of higher oxidation state Mn compounds (presumably MnS). When the 58 A
Mn/MoS, surface is heated to 770K, wholesale reaction of all of the metallic Mn to MnS is
observed. Simultaneously, the molybdenum signal reappears at a binding energy indicative of
metallic Mo. These PES results are entirely consistent with the bulk reaction:

1 1
Mn + 2M082 — MnS + 2Mo , 3)

which has a AG,, of -25.2 kcal/mole. Some room-temperature reaction occurs, but the higher
temperature drives the reaction to completion, overcoming kinetic barriers that may be the result
of the highly stable MoS, (0001) surface. This large-scale reaction is not necessarily desirable to
enhance MoS, adhesion to a metallic substrate because the formation of an entirely new com-
pound may prove highly detrimental to the bonding of MoS, to the metal as well as signal the
possible breakdown of the lubricant by the substrate. For example, Spalvins observed that the
formation of interfacial copper sulfides when MoS, was deposited on a copper substrate led to
significantly decreased adhesion of the film [67].

3 The coverages indicated result from thickness monitors used to calibrate evaporation rates and assume a uniform,
three-dimensional film growth. In reality, the measurement indicates that the total amount of deposited material
and the film structure is defined by surface reactions.
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3.32 Fe/MoS, - Interfacial Chemistry

The interaction of MoS, with Fe is potentially the most important reaction controlling the adhesion
of this lubricant to steel surfaces. Compared with the extensive reaction with Mn discussed above,
the reactions of Fe and MoS, to form bulk iron sulfides are not thermodynamically favorable.

Fe +3MoS, — FeS + 1Mo AG,,, = +3.2 kcal/mole (42)
Fe + MoS2 - Fe82 + MoAern = +14.1 kcal/mole (4b)

The Mo 3d and S 2p PES core levels are shown in Figure 9 as a function of Fe coverage on a
(0001) MoS, surface [68). Unlike the Mn/MoS, interface, there is no large-scale formation of
new compounds with increasing iron overlayer coverage, although some small changes do occur.
The Mo 3d peaks virtually disappear when 10 A of Fe has been evaporated onto the surface,
showing that iron forms a more uniform, continuous overlayer than Mn. A significant amount of
S associated with the Fe overlayer is detected, and computer fits to the data indicate the presence
of two predominant species, an iron sulfide phase and S adsorbed onto metallic iron. Annealing
the Fe/MoS, surface does not promote the formation of more iron sulfide, but rather uncovers the
MoS, substrate as the Fe overlayer coalesces into three-dimensional features. Significant
amounts of metallic Mo are only observed at very high temperatures (1200K).

The iron overlayer is obviously much less reactive on MoS, than the Mn layer discussed above.
However, some interfacial chemistry does occur as evidenced by the production of a small amount
of an iron sulfide and the migration of some sulfur to the top of the iron overlayer to form an
adsorbed species. It is possible that this limited interfacial reactivity may promote better adhesion
of MoS, films to steels than a highly reactive interface. The limited reactivity appears to allow for
the formation of Fe-S bonds without the large-scale formation of bulk iron sulfides. It is apparent
that an undesirable breakdown of an MoS, lubricant by reaction with an iron-containing substrate
should not occur. However, this limited reactivity may not provide adequate film/steel adhesion to
promote long endurance during wear. These are important points in considering the potential
success of using these materials as solid lubricants on steels. Zabinski and Tatarchuk have
detected the formation of a Chevrel phase FeMo,S, using Conversion Electron Mossbauer
Spectroscopy at the interface of a 25 A thick film on MoS, after heating to 923K, indicative of the
formation of a distinct new phase [69]. These compounds were not evident in the PES results but
may exist interfacially between the metal islands and the MoS, substrates. However, although
reactivity at such high temperatures may produce the most thermodynamically stable species, most
steels should not be subjected to these temperatures either during or after coating with MoS,, and
the existence of metastable phases at lower temperatures cannot be precluded.
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3.33 Cr/MoS, - Intermediate Reactivity

The presence of chromium in varying amounts in stainless steels makes its reaction with MoS,
important. This is particularly true because the Cr tends to segregate to the steel surface region to
form a corrosion-resistant chromium oxide layer. This same segregation may cause Cr to interact
with MoS, at its interface with stainless steels, possibly leading to beneficial or deleterious chemi-
cal processes. In keeping with the above discussions, the reaction of metallic Cr with MoS, is
slightly favored thermodynamically.

Cr +3MoS, = Cr$ +3Mo AGpy, = -10.1 kcal/mole )

Figure 10 shows the Mo 3d and S 2p core levels as a function of Cr coverage [70]. The Mo 3d
peaks show the emergence of a limited amount of metallic Mo when Cr is deposited. All of the
Mo PES peaks have very low intensity when 16 A of Cr is present on the surface, indicating com-
plete substrate coverage. The S 2p peaks broaden but stay intense with increasing Cr deposition.
The presence of metallic Mo along with the persistence of S show that some interfacial chemistry
has occurred. Annealing to moderate temperatures (750K) causes more extensive reaction than
observed at room temperature, as a strong metallic Mo peak is detected along with several differ-
ent S species. This reactivity is more extensive than observed for the Fe/MoS, interface at similar
temperatures, but complete reaction to form chromium sulfide is not observed as with Mn/MoS,.
The most likely scenario for reaction is the presence of a reacted interface indicated by the pres-
ence of metallic Mo. The Cr overlayer is dominantly metallic, with some S intermixed, and a
large amount of S having diffused through the Cr film to its surface.

The implications for the Ct/MoS, interfacial reaction on adhesion are more difficult to foresee.
The presence of a fairly significant interfacial conversion of MoS, to metallic Mo and free S
would seem unfavorable. However, the lack of extensive, bulk formation of a chromium sulfide
and the predominance of strongly adsorbed sulfur on the surface of the Cr film might indicate
possible strong adhesion. The intermediate chemistry is the most difficult to categorize, and fur-
ther investigations of its affect on tribological properties would certainly be of interest.

The relatively inert MoS, (0001) surface has no unsatisfied bonds with which metals can strongly
interact upon deposition onto MoS,. The reaction mechanism for the decomposition of MoS,
by a metal likely proceeds via electron donation from the deposited metal atoms into the unoc-
cupied, antibonding molecular orbitals that are predominantly located on the Mo ion and are not
easily accessible through the (0001) plane. These orbitals are also covalently mixed with the S 3p
orbitals as discussed previously, but the spatial extent of the S portion of the 2¢ and 2e” anti-
bonding orbitals above the (0001) plane, where the greatest overlap with the deposited metal s
and d-orbitals would occur, is unknown. The presence of a sulfur vacancy on the (0001) plane
or an edge-plane site would permit the direct interaction of the deposited metal with the Mo 4d-
based MOs. Once electrons have entered the antibonding levels, the Mo-S bonds would be weak-
ened, allowing the reaction to proceed. The evaporation of relatively hot metal atoms ontc MoS,
could possibly induce defects to form and help initiate a reaction.

The likelihood that a deposited metal atom will donate electrons to MoS, probably depends on
two factors: orbital overlap and the tendency of the metal to donate electrons. It is unlikely that
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atoms of the various metals examined in the work described here have significantly different
orbital overlap with MoS,. In addition, the ionization potential of the transition metal atoms gen-
erally increases with increasing atomic number (Cr: 6.77 eV; Mn: 7.44 eV; Fe: 7.87 eV) [71], a
trend which is not in agreement with the reactivity observed. The clustering of metal atoms to
form a more metallic species than exists for the isolated atom may be required to permit the facile
donation of electrons. Indeed, more extensive reactivity is detected by PES for all three metals
with increasing surface coverage. The work function of a metal is always lower than the ioniza-
tion potential of the metal atom, indicating that an electron is more easily removed from a cluster
than an isolated atom. For the metals studied in this work, the work function trend does agree
with the differences in reactivity (Mn: 4.1 eV; Cr: 4.5 eV; Fe: 4.5-4.8 eV) [71]. The relative ease
of electron transfer must be directly related to the reaction activation energy, with the Mn reaction
occurring most readily. Naturally, the thermodynamic stability of the reaction products also
plays an important role in t:*~ <hemistry, and the trend in reactivity for these three metals does
mirror the rend in A .
From a technological point of view, several commercially available MoS, lubricant films use co-
sputtered or sequentially sputtered metals to change film growth and morphology patterns. In
particular, relatively unreactiv. metals such as Au. Ni, and Pb have been used in MoS, films,
creating structural effects without decomposing the lubricant. These eftects will be discussed in
more detail in Section 4.

In the real world of thin-film application of MoS, lubricants, the steel or other substrate provides
nucleation sites for film growth. In some cases (ultra-high vacuum deposition, substrate sputter
cleaning), metallic species may indeed be present at the surface to initiate reactions or just provide
sites for adhesion. The above studies should be very helpful in understanding the reactions tak-
ing place under such conditions. Most deposition processes, however, are not nearly as clean and
well controlled as the detailed single-crystal data. In general, parts to be coated have been
exposed to the environment and subjected to various levels of ex-situ and in-situ cleaning.
Another major difference in film deposition chemistry is the reactive nature of the MoS, species
in the plasma, where the MoS, fragments of unknown type are certainly more reactive than the
(0001) basal plane. The next topics to be covered in this work are the nucleation, growth, and
structure of sputter-deposiicd MoS, films and the relationship between substrate surface chem-
istry and film growth.
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4. MoS, FILM GROWTH AND STRUCTURE

The original use of MoS, as a lubricant involved the burnishing of the powder material onto one
or both of the contacting surfaces. Sometime later, bonded-solid-lubricant films became avail-
able in which MoS, and other "pigments” were suspended in a polymer or glass-forming matrix
that acted to hold the lubricant in the desired location. (See the review article by Winer {72].)
Such films were tens of micrometers thick, so their use in any precision application required con-
siderable running in (or preburnishing) followed by cleaning and adjustment of dimensions to
compensate for lost material due to wear. Furthermore, the binder material from bonded-solid-
lubricant films often became loose debris that interfered with smooth operation of precision parts.
Consequently, these materials were not highly regarded for high-reliability space applications,
and solid lubrication was generally disdained by spacecraft designers, except for very-low duty
cycle, generally sliding type devices such as release and deployment apparatus.

The formation of binderless, smooth, sub-micrometer-thick films of MoS, by means of sputter-
deposition, first introduced by Spalvins [73], opened a variety of new possibilities for solid lubri-
cation of high-tolerance parts and, at the same time, raised many questions regarding the physical
and chemical mechanisms by which these films provide effective lubrication. Sputter deposition
had been developed primarily for use in the semiconductor industry for providing controllable
layers in integrated circuit chips but was a natural method of producing the binary compound
material, MoS,, in thin-film configurations. Under proper operating conditions, the sputtering
process generally maintains the chemical composition of the target in the deposited film, and the
decomposition of MoS, rather than its evaporation or sublimation precluded use of the more
conventional physical vapor deposition techniques.

Initial investigations of sputtered MoS, films followed the classical pattern of putting coatings on
parts or coupons and measuring friction, wear, and endurance [74-77]). Concurrently, surface
analysis and microscopy of as-deposited [18,74,78-80] and worn films (8,81] revealed the defect-
ridden, oxygen-contaminated character of the typical films. As techniques for surface science
and analysis have improved our abilities to probe to much finer atomic-level sensitivity (i.e., the
availability of high spatial and energy resolution XPS, high-energy TEM, STM and AFM, and
EXAFS), a greater understanding of the electronic and crystal structure(s) of MoS, films has
been forthcoming. But, how can an improved understanding of the electronic structure of a
material lead to a better knowledge of, and control of, its growth and use as a lubricant film? In
the case of MoS,, its anisotropic crystal structure is the direct result of the coordination adopted
by the Mo in the surrounding cluster of S atoms, and this trigonal prismatic symmetry derives
from the arrangement of electrons within the constituent molecular orbitals as described above.
The important questions of how this crystalline structure and MO arrangement in MoS, deter-
mine the growth patterns and substrate-surface adhesion characteristics of its films will be dis-
cussed in this section.

4.1 MoS, FILM NUCLEATION

The hexagonal, platelet grouping of atoms in MoS, appears to be common to all sputtered films
of this material, regardless of whether their macroscopic structures are ordered or not [82). Even
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"amorphous” films, by X-ray and TEM standards, have the basic hexagonal unit with 6 S nearest
neighbors to Mo, as demonstrated by EXAFS (Extended X-ray Absorption Fine Structure) stud-
ies. One difference between the films and the more crystalline material is the absence of long-
range order in the films. The radial distribution functions obtained using EXAFS on several dif-
ferent MoS3 films are shown in Figure 11. It is evident by comparison to results from a crys-
talline MoS» powder that the peaks for the next nearest neighbors (second and higher shells) are
not distinct in the films, demonstrating the absence of long-range order. A second feature
observed in the EXAFS results of the films is that their "nano-crystals” contain varying amounts
of oxygen substituted into the MoS,_, phase in proportion to the amount of oxygen or water pre-
sent during deposition [82-84]. While these variations in film composition and structure affect
their lubricating abilities, as will be discussed in the next section, the important thing to notice
here is that rather widely varying deposition conditions generally produce the same material,
albeit with significant differences in S to Mo stoichiometry and in grain size and morphology.
Such differences originate with the surface conditions of the substrate, specifically with the
nucleation sites on its surface, and are further affected by the atmosphere during deposition.
(Although not all films have been investigated with EXAFS, it is speculated here that essentially
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Figure 11. EXAFS radial distribution functions (RDF) for several different sputter-
deposited MoS5 films. A pure crystalline MoS; powder is provided for comparison.
All films have a peak near 2 A where the first Mo-S shell is expected. However, the
RDF for each film also shows decreased intensity for peaks at larger distances represent-
ing atoms in the higher shells of coordination. The film data also reveal features asso-
ciated with a new phase containing oxygen substituted for sulfur in a portion of the lat-
tice. Reference 82 should be consulted for details regarding film preparation and chemi-
cal composition. (Reprinted with permission from authors of reference 82.)
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all variations in S:Mo ratio in films, ~vith the probable exception of those produced by ion-
assisted deposition, are accompanied by compensating substitution of oxygen in the MoS, _,
lattice.)

Filins of anisotropic materials, such as MoS,, can grow with different orientations of the develop-
ing crystallites (in this case platelets). Initial islands of MoS, can be oriented with their (0001)
basal planes parallel (basal islands) or perpendicular (edge islands) to the substrate [21]. It is
clear from the increasing amount of data conceming growth on different substrates and at differ-
ent stages of film development [19,21,85,86] that the thermodynamically preferred orientation is
in the form of basal islands, but that the edge-island growth prevails, due to kinetic factors, if a
nucleation site is provided. Such nucleation sites have been associated with hydroxyl groups
(81], carbon-oxygen groups [82], defects in the MoS, itself [21], and with defec - “steps or
kinks) in the substrate that persist into the evolving film.4 Basal islands are favo, by removal of
these active sites and growth under conditions of elevated temperature (2 200 °C), low system
base pressure (i.e., low contamination), and relatively low sputtering gas pressure that is enriched
with S-containing species (H,S) to prevent S depletion [87]. These conditions provide for slow
growth rates and the opportunity for giffusion on the surface during growth to allow develop-
ment of the energetically favored configwation (orientation).

4.2 STEEL SURFACE CHEMISTRY

The final surface processing step prior to cleaning and lubrication for virtually any mechanical
component made of steel is the honing or polishing to the desired surface finish. The chemical
composition of the steel surface following this final polish plays a significant role in the adhesion
of sputter-deposited MoS, films. To better understand the surface chemical bonding and reac-
tivities of steels, we have used XPS to study two different steels after polishing in air. In addition,
the effects on the surface chemistry of Art ion sputter cleaning as well as ex-situ cleaning of
these materials have been addressed. Finally, the adhesion of sputter-deposited MoS, films on
steel surfaces following the different cleaning processes will be presented.

The two steels examined in this work were 440C stainless (containing approximately 16 atomic %
Cr) and 52100 bearing steel (1 to 2 atomic % Cr). The chemical composition of the surfaces of
these materials was studied with XPS following polishing with diamond paste and alumina pow-
der. The substrates were then subjected to one of three different cleaning processes: solvent
cleaning with ethanol and acetone, very brief (< 1 min) etching with a 20% HCVethanol solution
followed by an ethanol rinse, or 1-hr washes in a commercial alkaline cleaning solution (Alum
etch 34, 15% in deionized H,O; pH = 12.8) followed by water and ethanol rinses. The X-ray
photoelectron spectrometer was a Surface Science Instruments X301 using a monochromatized
Al Ka source with a 300-um spot size and 50-eV pass energy. The energy resolution under these
conditions produce a gold 4f;,, peak width of 0.95 eV. The steel surface composition was stud-
ied in a variety of ways, including angle-resolved XPS and Ar* sputter profiling.

Steel surface chemistry has been studied by several groups [88], but the object of this work was to
determine the composition and thickness of the oxide layer following the polishing and sample

4 In Figure 4 of Ref. 19, a distinct step (possibly a dislocation) is evident in the substrate immediately below the
point where the edge growth begins in the film.
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cleaning. Figure 12 shows the Fe and Cr 2p;, XPS peaks from a 440C surface following solvent
cleaning as a function of sample angle relative to the electron detector [11]. In each data set, the
broad peak at higher binding energy is the result of photoemission from the metal oxide, while
the sharper peak at lower binding energy shows the metallic species. By rotating the sample away
from the analyzer, the technique becomes more surface sensitive as the effective escape depth of
electrons through the solid is decreased. For both data sets (each has been normalized to the
intensity of the oxide peak in the 0° data by multiplying by the factor listed near each spectrum),
the metal peak decreases in intensity as the surface sensitivity is increased. Not surprisingly, this
means that the oxide layers exist on top of the metallic species. The normalization factors for the
Cr data at a given angle (other than (°) are consistently and systematically larger than those for
the Fe data. The larger factors required for the Cr data indicate that the chromium oxide photo-
electrons are experiencing a greater attenuation by the surface layers and, hence, lay below the
iron oxide species. This result is also consistent with an Ar* sputter profile of the 440C surface,
which proved that iron oxide species are sputtered away first, followed by chromium oxide
species [11,89]. The resulting picture of the 440C surface is shown in Figure 13, where the cor-
rosion-resisting chromium oxide layer is below a surface iron oxide overlayer. Both layers are
covered with an inhomogeneous, carbonaceous layer of contaminants remaining following the
solvent cleaning. These contaminants were removed by a very brief sputter (< 1 min) but cer-
tainly can play a role in the steel surface chemistry if left intact.

The chemical composition of the solvent-cleaned 52100 steel surface is significantly different
than that for 440C, consistent with the fact that 52100 is not a stainless steel and contains only 1
to 2% Cr. This material had an iron oxide overlayer that had approximately the total thickness of
both oxide layers observed on 440C. A small amount of chromium oxide was dispersed in the
iron oxide overlayer, but no corrosion-resistant layer was formed. However, the surface compo-
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Figure 12. The Cr (left) and Fe 2p, , peak obtained with XPS as a function of sample angle
relative to the analyzer central axis. /f:rom the top, the angles between the surface normal and
analyzer entrance cone were 0°, 20°, 40°, and 60°. All data were normalized to the intensity of
the higher binding energy, more intense oxide feature, and the normalization factors are listed
on the figure. (Reprinted with permission from authors of reference 11. Copyright 1992,
American Chemical Society.)
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Figure 13. Schematic diagrams of the chemical compositions of 440C and
52100 steel surfaces. The oxide layer thicknesses are related to the specific sam-
ple handling procedures used in this work.

sition of 52100 steel is highly sensitive to sample handling, and the oxide layer can be much
thicker if the material is allowed to corrode.

The effects of various surface treatments have also been studied with XPS [11,89]. It should be
obvious that ion sputtering of the steels for sufficient periods of time will remove the surface
oxide layers and allow solid lubricant films subsequently deposited to interact with metallic
species. The background pressure of a deposition system, however, will control the actual surface
composition of the steel, and if the material is allowed to stand in a relatively poor vacuum for an
extended period following cleaning, then reacted surface layers will re-form. The effects of ex-
situ sample cleaning varied with cleaning solutions and type of steel surface. Etches with the
HCVethanol solution proved difficult to control for each steel. The results on the 440C surface
following a 30-s acid etch are shown in Figure 14. Brief etches appeared to fairly selectively
remove the iron oxide overlayer, leaving behind a dominantly chromium oxide surface. Etches
for longer periods actually resulted in an increase in the iron oxide present when compared to the
shorter etches. The surfaces also became pitted after the longer etches, indicating that both oxide
layers had been penetrated and corrosion was occurring. This effect was confirmed on the 52100
surface where HCVethanol etches of any duration increased the oxide layer thickness. The 440C
chromium oxide underlayer, therefore, does provide some protection from acidic treatments, but
care must be taken. The alkaline treatments proved much more gentle to both steels. For both
the 440C and 52100, most of the iron oxide overlayer was removed by the 1-hr wash (Figure 14).
No evidence of sample pitting was observed on any steel substrate following the alkaline cleaning.

The steel surface compositions determined by XPS have interesting implications for the nucle-
ation, growth, and adhesion of MoS, films. The iron-oxide overlayer on 440C is not strongly
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Figure 14. The Fe (left) and Cr 2p;,, XPS peaks of 440C stainless as a function
of ex-situ sample cleaning treatments along with SEM micrographs of MoS, film
delamination experiments on similarly treated surfaces. The chemical treatmems
remove most of the iron-oxide overlayer and enhance adhesion and/or fracture
toughness of the MoS, on the steel surfaces. (Reprinted with permission from
reference 11. Copyrig %n 1992, American Chemical Society.)

bonded to the bulk steel, but rather exists on top of the chromium oxide layer. The relative ease
with which this layer is removed by chemical treatments indicate that it may not provide for
strong adhesion of a solid lubricant film. Alternatively, the iron oxide of the 52100 steel is
directly bonded to the bulk steel, but its potentially varying thickness depending on sample
treatment make its mechanical reliability as a substrate questionable. The oxide layer on 52100
can be quite thick and loosely held by the substrate if large-scale corrosion is allowed to occur.
In general, MoS, bonding to oxide surfaces should differ significantly from that on metallic sur-
faces because there are fewer free electrons available to react with the film. The nature of the sur-
face bonding and reactivity of MoS, with oxides has not been explored in detail, but oxide ions
are known to substitute for sulfide ions in the crystal structure of sputter deposited films (90] and,
thus, could act as nucleation sites for edge-island growth.

The effects of the ex-situ removal of the iron-oxide overlayers on the bonding of MoS, lubricant
films would seem problematic because the samples were exposed to air durmg introduction into
the deposition chamber and were pumped down overnight to the 1 x 10°6 Torr base pressure. To
determine if the ex-situ cleaning had an effect on lubricant adhesion, films deposited at ambient
temperature on the differently pretreated surfaces of 440C were studied with an indentation test.
The results of these tests are also shown in Figure 14, where SEM micrographs of 1-um-thick films
are shown on differently treated 440C following indentation with a Rockwell hardness tester. The
films deposited on the acid- and base-treated surfaces adhere more strongly than on the solvent-
cleaned 440C surface, which shows extensive film delamination around the indentation. Although
the actual details of the interfacial chemistry have yet to be uncovered, we believe that the effects
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are predominantly chemical in nature. Possibilities for the enhanced adhesion to the treated sur-
faces are that the MoS, films adhere strongly to the chromium oxide layer, the removal of the iron
oxide overlayer may provide a more robust steel surface, the chemical treatments may have pro-
vided active sites for strong adhesion, or the thinner oxide layer might actually be removed or
chemically reduced during the deposition process, allowing interaction with metallic species. In-
situ ion etching of a steel substrate to remove the oxide layer results in a similar enhancement of
MoS; film [91]. To further study substrate adhesion, the interaction of Mo$S, films on Si ceramic
surfaces have been studied since these materials provide more well-defined and controilable sur-
face chemical environments for handling than do the more reactive metals.

43 MoS,/SILICON CERAMIC INTERACTIONS

Detailed studies concerning the nucleation and growth of sputter-deposited MoS, have been con-
ducted on Si and SiC surfaces. For each material, the surface chemical composition was consid-
ered as a function of sample treatment and film deposition conditions. The crystallographic ori-
entation of the growing MoS, films was followed by X-ray diffraction, which was used to deter-
mine which crystallographic planes were growing parallel to the substrate surface. The films to
be discussed were grown at both ambient temperature (AT; 70°C) and high temperatures (HT:
220°C), with the HT films generally being more crystalline.

Single-crystal Si samples with oxide layers of varying thickness were initially studied [85]. Thin
(2000 A) MoS, films deposited at high temperature or at ambient temperature following a high-
temperature surface anneal were found to grow with }VloSz crystallites oriented with their basal
planes parallel to the substrate. Alternatively, 2000 A AT films grown without a surface thermal
treatment grew with basal planes oriented perpendicular to the substrate surface. The principal
effect of the high sample temperature is the removal of surface adsorbates, primarily hydrocar-
bons and water. This work led to an active site model for MoS, film nucleation and growth,
where reactive surface species (believed to be HZO or -OH on the Si02 surfaces) caused the M052
crystallites to nucleate via an edge-plane site and grow with basal planes perpendicular to the sur-
face. Removal of the active sites causes the MoS, to adopt a lower free energy orientation with
the basal planes oriented parallel to the substrate surface. These effects have been beautifully
documented by Moser and Lévy in TEM studies [19].

Similar studies were conducted on polycrystalline, hot-pressed SiC surfaces that were subjected to
various ex-situ cleaning processes [86]. The chemical treatments were conducted in a nitrogen-
purged glove bag and included methanol rinses, huffered HF etches, buffered HF followed by
concentrated HNO4 etches, and an ultrahigh vacuum anneal. XPS studies of the different samples
showed that the HF etch removed the surface oxide along with surface contaminants, the HNO4
etch removed more of the surface contaminants, and the UHV heating further desorbed carbon-
containing contaminants (particularly C-O species). The orientation of HT MoS, films grown on
these surfaces was highly de; :ndent on surface treatment. In general, the cleaner the sample
prior to introduction into the deposition system, the more MoS, was observed with basal planes
oriented parallel to the substrate. These results are entirely consistent with the active site model
proposed for the oxidized silicon surface, but the active sites appear to be C-O surface species on
SiC. The effects of the various surface treatments on the tribological properties of the MoS,
films will be discussed below.
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One interesting implication of this work is that adhesion of MoS, to the silicon ceramics appears
to be decreased by sample cleaning (implied by the basal orientation of the film near the inter-
face), while adhesion to steels is enhanced by surface cleaning. This result may be controlled by
the relative surface reactivities of the two materials since the silicon ceramics are thoughi to be
relatively inert, particularly if a silicon oxide layer exists to passivate the surface. In addition, the
orientation of the MoS, basal planes parallel to the substrate surface should result in a lower fric-
tion surface, a desirable result if sufficient surface adhesion exists for these films.

All of the controlled crystallite orientation studies have been conducted with nonmetallic or unre-
active (gold) substrates, most of which have not been widely useful tribologically. (The silicon
dioxide surfaces are typical of the type of atmospherically equilibrated surface one obtains with
SizNy, a promising bearing material with as yet very little practical application.) However, occa-
sionally there have been instances of basal island growth on steel surfaces, which might signify
operational possibilities if the proper surface preparation conditions can be devised {92-94]. The
previous discussion of the reactivities of the metals iron, manganese, and chromium with the basal
surface of MoS, is pertinent to our understanding of the proper conditions for such ordered
growth. Recall that it is necessary to achieve basal orientation, but it is not sufficient; there must
also be strong adhesion of the initial monolayers to the load-bearing substrate for a high proba-
bility of long endurance.

In an earlier article [6], we speculated that one way to obtain adhesion of basal planes to sub-
strates would be to provide atoms on the substrate that could substitute for S in the MoS, basal
plane and provide a "linkage" effect between metals. It was further speculated that such a linking
atom would have to be one that could be multiply coordinated, as in an octahedral configuration,
so that it could bond to three Mo atoms and a like number of substrate atoms. Some nonmetallic
candidates were suggested as possibilities. In view of the surface reactivity studies involving Fe,
Cr, and Mn, it now seems likely that for bare stainless steels Cr can provide the appropriate
chemical interaction. A successful bonding agent would need to be able to substitute into the
MoS, basal plane but not decompose the bulk material. Fe is unreactive; Mn is too reactive. Cr
may have the proper balance of the ability to alloy with Mo but not drive the system to form bulk
chromium sulfides [13,70].

In order to achieve such chemical bonding, the surface must be scrupulously clean, and metallic
atoms must be available for "reaction.” Controlled etching in inert environments is a practical and
expedient pathway to obtain the proper substrate preparation [21,82). In the case of ion etching,
a common procedure prior to deposition, it is not sufficient to bombard in a contaminated (O,,
H,0) environment because the contaminants will react with the substrate before the MosS, is -
deposited. The system base pressure must be low enough to maintain the reactivity of the pre-
pared surface. Ion etching in contaminated environments will also improve adhesion by creating
reactive bonding sites on oxide layers, but the orientation of the resultant film will be characteris-
tic of edge-island growth.

4.4 FILM GROWTH MORPHOLOGY

The same system variables that influence the degree of edge-island versus basal-island nucleation,
discussed in the preceding section, also control the morphologies of bulk film growth.
Specifically, contaminants in the background gas, such as water vapor and carbon-oxygen com-
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pounds, can provide nucleation sites for continued edge-island growth, but properly selected
dopants that adsorb to the edge faces of evolving platelets and poison growth, such as metals and
graphitic carbon, can provide for controllable basal-island growth.

Film structures can be characterized according to the zone model for growth and morphology
[21]. Early films, and those produced in relatively uncontrolied vacuum environments with
unconditioned targets, consisted of a thin compact region close to the substrate (~200 nm thick)
covered by a very porous columnar region that was alleged to be essentially useless for lubrication
[95]. Proper target conditioning, which involves multiple, sequential sputter runs, with rigorous
control of the environment, followed by insertion of the substrates to be coated, is required to
obtain basal orientation from a conventional compound M082 target [8]. In contrast, such
ordered films can be produced readily with reactive sputtering (H,S) and an Mo metal target
[87,96]. Buck [18] has explained these phenomena in terms of the competition of water vapor
with the arriving MoS, during the deposition step. H,O adsorbs onto edge planes of MoS,, but
rather than poison the surface for grain growth, it provides increased reactivity for continued
nucleation. In a manner similar to the mechanism proposed by Gardos [97] for the effect of water
on friction, namely the bonding of adjacent edge planes to form large platelets, adsorbed water
enhances the growth of columnar structures. Excess water provides so many nucleation sites that
the films do not have time to develop long-range order, and "amorphous" structures result.

To digress briefly, all of these growth patterns are determined by surface processes during film
deposition. Although direct experimental proof of many of the following points is not available,
there are observations and data for which this line of reasoning seems to be the only acceptable
one. Furthermore, this discussion is based on sound fundamental surface-chemical principles.
Adsorption of growth nuclei or poisons on edge surfaces, the most surface active or energetic
ones, controls the ultimate morphologies of the films. In the above-mentioned case of reactive
sputtering or for high-rate deposition, the S-containing species are in abundant excess over the
moisture so that they arrive on the growth plane before collisions of H,O occur. H,O0 is effec-
tively displaced from the growing film surfaces, and edge-island nucleation is suppressed. If a
compound MoS, target is used, and it is not sufficiently conditioned to remove H,O adsorbed on
all of the surfaces within the compacted powder (grain boundaries), then this moisture is sputtered
along with the MoS,, and oxygen is incorporated into the film. The level of preconditioning
(ou zassing) will determine the concentration of oxygen contamination in the film. Some oxy-
gen substitution in the MoS,_, lattice may be advantageous as discussed below, but too much
produces poorly ordered films that exhibit inferior wear properties. The adsorption of certain
metals, such as Ni or Au, onto edge planes of platelets presents a relatively inert surface that
appears to favor basal island growth [85,93]. By alternating thin (< 10 nm) MoS> layers with
very thin (< 1 nm) layers of relatively unreactive metals, a continuously renewed, clean surface
for basal island growth is generated. In addition, the layering technique limits the siz¢ of lubri-
cating crystallites/particles in the film, resulting in a dense, predominantly basal-oriented struc-
ture. To ensure these film properties, this technique requires a clean system (low background
pressure) to prevent oxygen contamination.

It has been demonstrated that, upon use, MoS, films are deformed to create basal orientation and
shear normal to the (001) crystallographic direction, regardless of the original growth orientation
(91]. Why, then, is it important to have films with basal orientation during growth? The answer
probably is that for long sliding or rolling life, the important issue is to have a very dense film
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structure with as little porosity as possible. Such a film could have edge-island orientation, ini-
tially, providing that the crystallites were as small as possible (in the range of 5 to 10 nm on a
side) so that very dense packing could occur. In practice, once edge growth begins from nuclei
on the substrate or defects in the growing film, these platelets grow into columns that become
wider as they develop outward from the substrate surface. Any basal platelets are shadowed from
the incoming flux of material by the columns and gaps or pores form near the bases of the
columns. (The pores are typically < 50 nm in diameter, while the columns can be > 100 nm tall
and 30 to 50 nm in diameter.) During use, such columns are typically sheared off at their bases
forming debris that is only beneficial (as a lubricant) if it is trapped between the contacting sur-
faces. The lubrication regime for such entrapment is much like that for a burnished film, only
with very small lubricant particles. Conversely, for very dense films with very small platelets,
extremely thin layers of material are deformed during wear, and the material is lost gradually
instead of in large columns. Films with basal orientation have near-theoretical densities and pro-
vide the optimum situation for wear as long as the adhesion is good, as described in the previous
section. An added advantage of basal orientation is that there is a very small percentage of edge-
plane facets, so the films are relatively unreactive and unaffected by contaminants (primarily
moisture) during storage prior to use. Dry or vacuum environments are still required during
operation with these films because the shearing action of the wear process exposes reactive edge
facets that are easily oxidized, resulting in higher friction and severe wear.
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5. TRIBOLOGICAL STUDIES

5.1 FRICTION AND WEAR TESTING

Two questions have been debated with respect to tribological (friction and wear) studies of lubri-
cants for as long as such studies have been conducted. The first is whether friction and wear tests
really provide any useful information for most applications of lubricants, namely in rolling-ele-
ment bearings. The second is whether the "pin-on-disk” test has any validity for these same
applications. Our experience is primarily with high-precision spacecraft mechanisms, but we sus-
pect that similar circumstances pertain to other fields as well. An easy response to these questions
is that there are numerous sliding applications in space mechanisms, such as many deployment
devices, alignment mechanisms, and sliding sleeves (bushings) like telescoping booms for anten-
nas or remote sensing instruments (e.g., the remote manipulating arm of the space shuttle).
However, a more useful response is that the validity of a test is usually related to the type of
motion in the application to which the test is being compared. Our experience is that many tests,
including pin-on-disk or such modifications as thrust bearing life tests, are very good for ranking
different lubricants or lubricant preparations, as in the case of solid films. Figure 15 shows that a
reasonably good correlation exists between sliding wear-test life and rolling life for a number of
sputtered MoS, thin films {98]. While this correlation may not always pertain, one thing is sure:
the test should be designed to simulate the type of contact and the potential transport phenomena
for the lubricant as closely as possible.

Have we just contradicted ourselves? Not really. What we are saying is that for solid lubricant
testing and evaluation, it is more important to simulate the contact geometry and the ejection or
retention and reuse of lubricant debris than it is to ensure that the contact is rolling or sliding
[91]). Typically, a precision ball bearing that requires very low torque noise cannot rely on the
transfer of lubricant from one surface to another, but must be lubricated with thin films on all
surfaces, and the films must be tenacious enough to provide low friction for the entire life of the
device. Other applications for which torque noise is not a critical parameter can operate with
thick films and continuous transfer from surface to surface or with, for example, replenishment
from sacrificial retainers that produce uneven, patchy films on the contacting surfaces but that
can produce very long operating lifetimes.

It may also be that tribologists have become confused about the objectives of various tests, espe-
cially when debates rage about the validity of pin-on-disk tests. Most mechanism designers and
builders would like to know how long a lubricant will last in their part. Most tribologists deter-
mine whether lubricant A outlasts lubricant B; they do not gather data that provide mechanism
lifetime predictions directly. Tribological data must first be interpreted with the aid of a friction
and wear model for the mechanism (part) of interest. Pin-on-disk tests provide very useful
information on the friction and wear behavior of lubricants prepared under ditferent conditions.
Based on such data one can usually decide which lubricant will give the longest life with the low-
est average friction. But, one will not get much useful information concerning friction (torque)
noise for a ball bearing application, nor will one be able to calculate an operational life for a
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Figure 15. The correlation between sliding wear lives obtained from a thrust
washer test to rolling wear lives from a thrust bearing test for various MoS»,
fitms. The films tested included the undoped AT and HT films discussed else-
where in this report, along with various doped films prepared either by layering
(layered Ni, layered Au) techniques or by co-sputtering (DC-Ni, DC SbOy).
Reference 98 should be consulted for more detail regarding this work.

specific mechanism without some benchmark for comparison or a model for predicting the
dependence of life on film wear rate.

5.2 MoS2 FILM PERFORMANCE

The friction and wear performance of different sputter-deposited MoS> films has been studied by
several research groups on various substrates. As mentioned above, pin-on-disk tests have domi-
nated this field, although a semi-quantitative relationship between sliding and thrust bearing tests
has been demonstrated. Naturally, film producers tend to modify their films to maximize per-
formance in whatever tribological test they use to determine performance. For that reason, we
will focus on only a few studies that have taken films that were produced in various ways and
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subjected to standard tests. In addition, the relationships between the surface science studies dis-
cussed in previous sections to the tribological performance of these films are best demonstrated
through these few examples.

In both sliding and rolling tests, very dense films, produced by the well-controlled incorporation
of dopants or other means to suppress rapid edge-plane growth, generally show the longest wear
lives in most test procedures [93,98]. This doping has been best accomplished by layering films
in very clean deposition systems, as discussed earlier. However, the addition of dopants can have
an adverse effect on the measured film coefficient of friction. In particular, films incorporating
metals to poison edge-plane growth often display higher friction than identical films without the
dopant, and the friction appears to scale with the amount of incorporated metal. This effect has
been observed in both sliding [93] and rolling tests [98]. An understanding of the chemical
reactivity of MoS> with various metals should allow an intelligent selection of metal dopants,
namely, an unreactive metal that also possesses some reasonable tribological behavior. Not sur-
prisingly, gold and lead have become the two best candidates for metal dopants in MoS> films.

Earlier tribological work on MoS» revealed an interesting correlation between the stoichiometry
of the film and low friction [79]. In this work, it was determined that films that were sulfur defi-
cient (up to a limit) had lower friction than more stoichiometric films. At that time, the substitu-
tional capabilities of oxygen into MoS2 had not been realized, and we believe that the substoi-
chiometric films actually contained a significant amount of substitutional oxygen. Obviously, if
too much oxygen is incorporated, then the lubricant will begin to look more like an oxide and
lose the ultra-low friction that MoS, provides. However, the incorporation of some oxide ions
substituted for sulfide ions in the crystalline lattice does appear to be beneficial. The presence of
oxide ions in the basal plane will obviously alter the interlayer and intercrystalline bonding
forces. One could envision several results of this substitution, including greater local charge sepa-
ration due to the more ionic Mo-O bond, a lessening of the surface polarizability, and changes in
local bonding geometries. All of these effects would alter interlayer bonding forces. The greater
charge separation would produce localized areas where greater Coulombic interactions would
occur. The lowered surface polarizability would clearly reduce van der Waals interactions and
decrease interlayer attractions. Changes in local geometry could alter electronic structure and
bonding properties and disrupt the normal interlayer attraction. The net effect on the Madelung
lattice energy of such a substitution would be an interesting problem, but the empirical observa-
tion of lower friction implies that interlayer repulsion is increased.

The MoS3 films deposited on SiC surfaces discussed in Section 4 were also subjected to pin-on-
flat testing [99]). The intent of these tests was to determine if the varying film orientation and
adhesion resulting from the different surface pretreatments had an effect on friction and wear
properties. Small but significant differences were indeed observed in these tests, with films
deposited on acid-etched SiC displaying both lower initial friction and shorter lifetimes, consistent
with the existence of more basal-oriented MoS crystallites. This result emphasized the desire to
produce basal-oriented films with enhanced surface adhesion properties. Alternatively, while the
basal-oriented films had lower initial friction coefficients, the minimum friction coefficient dur-
ing the tests showed no correlation to the amount of initial parallel basal-plane orientation.
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5.3 LUBRICATION MECHANISM

Lubricant film structure and morphology will be the primary variables for the determination of
wear life and also of noise during operation. MoS, films are deformed during use, and in many
cases 80% to 90% of the film mass is worn away in the first 10% to 20% of life. However, some
material selection is possible that results in longer service life, and this selection is accomplished
through control of the surfaces of the lubricating particles. The actual type of surface control
and the selection of film structure for a specific application depends, in part, on the nature of the
basic physical mechanism by which the MoS, provides lubrication. In early literature, the issue
was raised as to whether lubrication by MoS, consisted of intracrystalline cleavage along basal
planes of individual particles (platelets) or intercrystalline sliding of particles over each other
[72]. A seemingly ever-increasing data base indicates that the dense, low-porosity films give the
best service life and suggests that the intercrystalline mechanism is the correct one for sputter-
deposited films [10]. Furthermore, the smaller the particle size in a film, the better are the overall
lubrication characteristics (stability of friction and length of operation).

Additional support of the intercrystalline slip mechanism is provided by the surface phonon dis-
persion for MoS, compared to that of the bulk material (16]. As discussed in Section 2, the
external surface of MoS, has a structure slightly different from the "bulk” or internal surfaces of
the basal planes and suggests that it should be easier to slide particles over each other than to
cleave a single particle. If small particles (platelets) of MoS, slide over each other during rolling
or sliding contact, then wear of the film would be associated with expulsion of these particles
from the contact zone. It follows that for a given expulsion rate, the least wear would be obtained
for expulsion of the smallest possible particles. Experimental determination of the optimum par-
ticle size has not been possible, but the results of two fundamental studies provide some insight
into the small size limit for particles that still provide effective lubrication. The first study con-
cerning EXAFS results for a number of sputter-deposited MoS, films has already been discussed,
and the data of Figure 11 show that for most films there is little crystalline order beyond the first
Mo-Mo bond distance [82]. One might ask if this nano-structure is large enough to provide all
of the materials properties of MoS,. While an answer cannot be given for all properties, the sec-
ond study on ab initio theoretical calculations of the electronic structure of MoS, and compari-
son to photoelectron spectroscopic data indicates that the smallest "cluster” of the material that
gives acceptable calculated energy levels is Mo4S,, {46]. More realistically, in order to maintain
stoichiometry and charge balance, the smallest crystalline structure would likely have the
Mo012S24 cluster.

There is internal consistency among these results. This small cluster would allow a majority of
the Mo atoms to have their complete set of nearest neighbor S atoms, while only a portion of the
Mo-Mo first nearest neighbor and virtually none of the higher shell interaction would occur,
which is exactly the situation observed in the EXAFS results of most sputter-deposited films. In
addition, the agreement of calculated electronic energy level spacing for the Mo7S24 with the
valence level peaks in the photoelectron spectrum is quite good. An Mo012S24 cluster is depicted
in Figure 16 along with the appropriate dimensions listed in the caption. Admittedly, there is no
proof that such nano-platelets exist or that they are responsible for lubrication, but this cluster
size probably represents the theoretical lower limit in actual crystalline size that might be
expected to be effective.
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Figure 16. The Moj2S24 "nano-crystallite” that contains the smatllest unit
capable of reproducing the Mo$S; electronic structure in ab initio calculations
(M07S24). The Moy2S24 cluster would be approximately 11 to 12 A in diame-
ter. In this figure, the Mo atoms are represented by the larger, darker-shaded
spheres.
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6. SUMMARY

In this report, we have explored several of the surface and interfacial interactions present in a
solid lubricated tribological system. The various surface science techniques discussed have
revealed the fundamental electronic structure and bonding properties within and between MoS»
crystallites, the reactivity of MoS» with various metals that are important both for adhesion of a
lubricating film to a substrate and in growing doped films, and the nucleation and growth of solid
lubricating films resulting in various macroscopic film structures. In turn, many of these proper-
ties were shown to influence the friction and wear properties of MoS2-based solid lubricants. QOur
intention has been to start with the most fundamental of chemical bonding interactions occurring
in MoS2 and build to an understanding of the practical use of this material as a solid lubricant
needed for space-based applications. The use of surface science has played and continues to play
a vital role in understanding solid lubrication and maximizing the lubricating potential of MoS».
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TECHNOLOGY OPERATIONS

The Aerospace Corporation functions as an "architect-engineer” for national security
programs, specializing in advanced military space systems. The Corporation's Technology
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systems through scientific research and the application of advanced technology. Vital to the
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spectroscopy, laser chemistry, laser optoelectronics, phase conjugation and coherent
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new materials: metals, alloys, ceramics, polymers and their composites, and new
forms of carbon; development and analysis of thin films and deposition techniques;
nondestructive evaluation, component failure analysis and reliability; fracture
mechanics and stress corrosion; development and evaluation of hardened components;
analysis and evaluation of materials at cryogenic and elevated temperatures; launch
vehicle and reentry fluid mechanics, heat transfer and flight dynamics; chemical and
electric propulsion; spacecraft structural mechanics, spacecraft survivability and
vulnerability assessment; contamination, thermal and structural control; high
temperature thermomechanics, gas kinetics and radiation; lubrication and surface
phenomena.

Space and Environment Technology Center: Magnetospheric, auroral and
cosmic ray physics, wave-particle interactions, magnetospheric plasma waves;
atmospheric and ionospheric physics, density and composition of the upper
atmosphere, remote sensing using atmospheric radiation; solar physics, infrared
aswonomy, infrared signature analysis; effects of solar activity, magnetic storms and
nuclear explosions on the earth’s atmosphere, ionosphere and magnetosphere; effects
of electromagnetic and particulate radiations on space systems; space instrumentation;
propellant chemistry, chemical dynamics, environmental chemistry, trace detection;
atmospheric chemical reactions, atmospheric optics, light scattering, state-specific
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